Background and Purpose-We tested the effect of bone marrow stromal cells (BMSCs) on neuronal remodeling of the corticospinal tract originating from the contralesional cortex in mice subjected to unilateral pyramidotomy (PT) followed by middle cerebral artery occlusion (MCAO). Methods-Adult mice with transgenic yellow fluorescent protein labeling in the corticospinal tract were subjected to right hemispheric PT and right permanent or sham MCAO. One day later, the mice were treated intravenously with BMSCs or phosphate-buffered saline. A Foot-Fault test and a single pellet-reaching test were performed before surgery, 3 days after MCAO, and weekly thereafter. Pseudorabies virus-614-monomeric red fluorescent protein was injected into the left forelimb flexor muscles 28 days after surgery (4 days before euthanasia). The brain and cervical cord were processed for fluorescent microscopy to detect red fluorescent protein and yellow fluorescent protein labeling, respectively.
S troke is the leading cause of long-term disability in adults. Impaired hand function is one of the most frequent consequences of stroke. Early reduction of hand motor deficits is an excellent predictor of full or good recovery after stroke. 1 Precise voluntary movement is specifically controlled by motor areas of the cerebral cortex, primarily through the corticospinal tract (CST). Therefore, rewiring CST innervation from the motor cortex to peripheral tissue may enhance poststroke performance of fine motor skill movements.
Bone marrow stromal cells (BMSCs) stimulate production of restorative factors by parenchymal cells and improve neurological function recovery after stroke. 2 Transplantation of BMSCs significantly increases contralesional CST sprouting into the stroke-impaired side of the cervical spinal gray matter. 3 The present study was carried out to further investigate whether such axonal innervation originating from the contralesional cortex contributes to functional recovery. We examined the correlations between neuronal remodeling using transgenic mice with yellow fluorescent protein (YFP) labeling in the CST 4 and retrograde pseudorabies virus (PRV)-monomeric red fluorescent protein (RFP) 5 labeling in the cortical pyramidal neurons with forepaw performance in adult mice subjected to unilateral pyramidotomy (PT) followed by permanent or sham middle cerebral artery occlusion (MCAO).
Materials and Methods

Animals
Adult male CST-YFP mice (2 months old, 25 to 30 g) were generated by an in-house breeding colony using 2 transgenic mouse strains of B6.Cg-Tg(Thy1-EYFP)15Jrs/J and B6.129-Emx1 tm1(cre)Krj /J purchased from Jackson Laboratories (Bar Harbor, ME), in which the CST axons are specifically and completely labeled by YFP. 4 All experimental procedures were approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital.
Pyramidotomy
To examine the contribution of the CST originating from the contralesional cortex to behavioral recovery after stroke, we transected the right hemispheric pyramidal tract rostral to the CST decussation at the medulla level with a ventral surgical procedure in advance of MCAO to eliminate the CST axons in the left strokeimpaired side of the spinal cord. 6 Briefly, the animal was secured in a supine position. After a ventral midline incision of the neck skin, the ventral vertebral column and outer surface of the occipital bone were exposed by bluntly splitting the muscle layers under an operating microscope, and the ventrocaudal part of the bone was partially removed with rongeurs and blunt forceps. The middle portion of the right CST was transected with an iridectomy scissor. The esophagus, trachea, and muscles were then repositioned. No animals died from the PT alone procedure. MCAO or sham surgery was performed using the same incision.
MCAO Model
A method of intraluminal vascular occlusion, 7 modified in our laboratory, was performed by advancing a 6-0 surgical nylon suture with an expanded (heated) tip from the right external carotid artery into the lumen of the internal carotid artery, to block the origin of the middle cerebral artery. Ligation of the right external carotid artery was used as a sham control. Within the first 5 days after surgery, 4 mice died out of the 22 subjected to PT followed by MCAO (3 in the phosphate-buffered saline [PBS] -treated group and 1 in the BMSCtreated group). This is a similar mortality rate as found in our previous studies (approximately 20%).
BMSC Administration
Mouse BMSCs harvested from hind legs (C57BL/6J mice, 2 months old) were provided by Theradigm Inc (Baltimore, MD). 8 One day after surgery, 1ϫ10 6 mouse BMSCs in 0.4 mL PBS or PBS alone were injected into a tail vein. The animals were randomly divided into 4 groups, mice subjected to: (1) PT-sham MCAO and treated with PBS (nϭ9); (2) PT-sham MCAO transplanted with BMSCs (nϭ10); (3) PT-MCAO with PBS injection (nϭ9); and (4) PT-MCAO and treated with BMSCs (nϭ9).
Behavioral Tests
A Foot-Fault test and a single pellet-reaching test were performed before surgery, 3 days after MCAO, and weekly thereafter. The Foot-Fault test measures the accuracy of forepaw placement on a nonequidistant grid as the percentage of foot-faults of the left forepaw to total steps. 9 The single pellet-reaching test measures the ability of skilled forepaw use. 10 The mice were placed in a Plexiglas box (195 mm long, 80 mm wide, and 200 mm high, a 10-mm wide vertical slot ran up the front with a shelf mounted 11 mm from the floor on the front of the box). Animals were trained to use their left forepaw to extract 14-mg food pellets (Bio-Serv Inc, Frenchtown, NJ) placed in an indentation 10 mm away from the front wall and to the right of the slot midline for 5 days before surgery. The number of the left forepaw extensions through the slot and the number of pellets extracted were counted for each animal during a 10-minute testing period. Performance was defined by the success rateϭ(number of pellets extracted/number of left forepaw attempts)*100.
Retrograde PRV Tracing
To verify neuronal innervation from the motor cortex to the stroke-impaired left forepaw, a transsynaptic retrograde tracer, PRV-614-monomeric RFP (gift from Dr Lynn Enquist, Princeton University, Princeton, NJ) was injected into the left forelimb radioulnar flexor muscles through a skin incision 4 days before euthanasia. 11 The animals were then transferred to a Biosafety Level 2 room to survive for an additional 94 to 96 hours.
Tissue Preparation
At 32 days after PT-MCAO or sham MCAO, animals were transcardially perfused with saline followed by 4% paraformaldehyde. The brain and the cervical spinal cord were removed and immersed in 4% paraformaldehyde overnight. A series of 100-m-thick coronal sections were cut from seven 500-m-thick forebrain blocks using a vibratome to examine RFP-positive pyramidal neurons. The remaining 400-m brain blocks were embedded in paraffin for ischemic lesion volume measurements on a series of adjacent sections stained with hematoxylin and eosin. Three 100-m-thick coronal sections were cut from the medulla caudal to the PT site to determine the completeness of PT surgery. The cervical spinal cord segments of C4 to C7 were cut into consecutive 100-m-thick vibratome sections to measure the YFP-positive CST axons.
Data Analysis and Statistics
All analyses were performed blindly. Lesion volume was measured by National Institutes of Health imaging software (Image J) and presented as a volume percentage of the lesion area compared with the contralesional hemisphere. A Bio-Rad MRC 1024 (argon and krypton) laser-scanning confocal imaging system mounted onto a Zeiss microscope (Bio-Rad, Cambridge, MA) was used to examine RFP labeling in the cortical pyramidal neurons and YFP labeling in the CST axons on the cervical cord. The number of RFP-positive cells was counted on coronal sections in 0.5-mm granularity to the bregma. The bilateral CST axonal densities in the gray matter of the cervical cord were measured on 30 consecutive transverse sections with Image J. To correct for variation on fluorescent measurements, the percentage of CST density in the stroke-impaired side to the contralateral side on the same sections was used to assess axonal remodeling in the spinal cord. All data are presented as meanϮSD.
One-way analysis of variance was used to evaluate functional recovery, numbers of RFP-positive pyramidal neurons, and the index of axonal remodeling. To test the correlation between behavioral outcome and neuronal reorganization after MCAO, the Pearson correlation coefficients between the left forepaw motor performance and the index of axonal density in the cervical cord and the total number of RFP-positive cortical neurons were calculated.
Results
BMSCs Enhance Functional Recovery After MCAO
In all the animals, PT lesions were consistent and nearly complete in the right side of the pyramidal tract (less than 1% remaining compared to the left CST; Supplemental Figure I; available at http://stroke.ahajournals.org). In mice with MCAO, the percent lesion volume was 20.4Ϯ3.8 and 19.7Ϯ4.2 for PBSand BMSC-treated groups, respectively, without a significant difference. After right side PT followed by sham MCAO or MCAO, all animals experienced severe functional deficits of the left forepaw as assessed by the Foot-Fault test and single pellet-reaching test compared with the baseline before surgery ( Figure 1A-B ; PϽ0.001), whereas the mice subjected to PT-MCAO were more severely impaired than PT-sham MCAO mice in the Foot-Fault test measured 3 days after surgery (PϽ0.05). During the 28-day experimental period, significant progressive, however incomplete, behavioral recovery was observed with time in all animals (PϽ0.01 versus Day 3). In the PT-MCAO mice, BMSC administration significantly enhanced functional recovery 14 to 28 days after MCAO in both tests compared with PBS-treated mice (PϽ0.05). However, such enhancement with BMSC treatment was not obtained in the animals subjected to PT-sham MCAO. In addition, the degree of functional recovery (%) in the pellet-reaching task was worse than in the grid walking test 28 days after surgery (13.3Ϯ5.4 versus 44.0Ϯ7.1 in PT, 31.4Ϯ10.7 versus 62.9Ϯ6.9 in PT-MCAO, 14.6Ϯ7.0 versus 47.5Ϯ5.3 in PTϩBMSC and 41.7Ϯ13.5 versus 74.2Ϯ4.8 in PT-MCAOϩBMSC, respectively; PϽ0.001).
BMSCs Promote Contralesional CST Sprouting Into the Denervated Side of the Cervical Cord After Stroke
To examine the contralesional CST sprouting into the left stroke-impaired side of the spinal cord, the right pyramidal tract was transected rostral to the decussation ( Figure 2F ). YFP labeling in the CST axons in the central area of the cervical gray matter was measured on transverse vibratome sections. After right PT, most CST axons were eliminated in the left side of the cervical cord in mice treated with either PBS (Figure 2A) or BMSCs ( Figure 2B ). In contrast, axonal sprouting from the right intact side of the cervical gray matter into the stroke-impaired left side was evident in mice subjected to PT-MCAO ( Figure  2C) and was further enhanced by BMSC treatment (Figure 2D ). The ratio of CST axonal density in the denervated side to the intact side on same sections in each animal was calculated as an index of contralesional axonal remodeling. Quantitative data showed that CST axonal sprouting was significantly increased in the PT-MCAO mice compared with sham MCAO mice ( Figure  2E ; PϽ0.05), whereas a significant stimulative effect of BMSCs was found in PT-MCAO mice (PϽ0.05) but not in PT-sham MCAO mice.
BMSCs Facilitate Ipsilateral Innervation in the Contralesional Cortex After Stroke
A transsynaptic fluorescent viral tracer, PRV-614-monomeric RFP, was injected into the left forepaw muscles to retrogradely trace the cortical neural innervating pathways. Four days after tracer injection, very few cortical pyramidal cells were labeled in the right cerebral cortex (data not shown), further confirming the completeness of the PT. We counted the numbers of RFPpositive neurons in the left intact cortex on each 1 of 5 100-m-thick coronal sections of the forebrain (Supplemental Figure II ; Table) . Compared with animals in the PT-sham MCAO group, significant increases of RFP-positive neurons were observed over both the left caudal forelimb area (Ϫ0.5 to 0.5 mm rostral to the bregma) and the left rostral forelimb area (1.5 to 2.0 mm rostral to the bregma) in the PT-MCAO mice (PϽ0.01), suggesting that the ischemic lesion induced additional pyramidal neurons in the contralesional cortex that connect with the stroke-impaired left forelimb. Moreover, the number of RFP-positive pyramidal neurons in the caudal forelimb motor area was further increased by BMSC treatment in PT-MCAO animals (PϽ0.05).
Correlation Between Functional Recovery and Neuronal Remodeling
To test the hypothesis that contralesional neuronal remodeling functionally contributes to neurological outcome after stroke, we examined the relationship of behavioral performance with the neuronal status in mice with ablated right CST. Our data show that the forelimb skilled motor tasks assessed with the Foot-Fault test and the single pelletreaching test were highly correlated with the corticospinal innervation originating from the contralesional cortex identi-fied by transgenic YFP labeling and retrograde viral tracing ( Figure 3A-D; PϽ0.05 ).
Discussion
In the present study, we examined the effect of BMSCs in adult mice subjected to unilateral PT followed by ipsilateral MCAO. In adult mice with the surgical elimination of the CST innervation originating from the right cortex, a second lesion of right side MCAO caused increased functional recovery of the impaired left forepaw, assessed by the Foot-Fault test and the single pellet-reaching test, and increased the corticospinal innervation originating from the left contralesional cortex detected by transgenic YFP labeling in the CST and retrograde neural tracing with transsynaptic PRV-RFP tracer from the impaired left forepaw. In addition, BMSC treatment significantly improved both behavioral outcome and increased neuronal innervation from the contralesional cortex to the denervated side of the spinal cord in the PT-MCAO but not in the PT-sham MCAO animals. A high correlation between behavioral outcome and ipsilateral innervation (left cortex to left forepaw) suggested the neurological recovery is in part mediated by contralesional neuronal remodeling after stroke.
Previous studies have provided insights into the cellular and molecular events underlying the functional recovery after stroke. 12 A unilateral infarct is associated with an increase of growth-related factors, which led to structural changes in axons, dendrites, and synapses in the peri-infarct area, homologous sites in the contralesional hemisphere, and remote regions that are generally connected to the site of injury. 13 Furthermore, our previous studies demonstrated that the ischemic brain environment promotes a responsive secretion of an array of neurotrophins and bioactive factors by BMSCs, and the BMSCs transplanted into the ischemic brain further stimulate brain parenchymal cells, especially astrocytes to produce neurotrophic factors. 14 Additionally, BMSCs also reduce the gliosis and scar formation in the ischemic brain that inhibit axonal outgrowth. 15 The finding that BMSCs provide therapeutic benefits after stroke but not after surgical PT lesion alone further demonstrates that BMSCs amplify the spontaneous repair responses after stroke. A recent study shows that BMSCs embolized in the lung secrete tumor necrosis factor-stimulated gene 6 protein, which reduced myocardial infarct size and improved cardiac function, suggesting such humoral effects may also benefit stroke recov- ery. 16 The contribution of the contralesional cerebral hemisphere to recovery after stroke is controversial in clinical studies. Although increased task-related activation within contralesional motor structures had been observed in patients with poor recovery, 17 our finding in mice with ablated ipsilesional CST supports the hypothesis that contralesional motor areas significantly contribute to motor performance in patients with subcortical stroke. 18 Clinical studies demonstrated that the extent of functional disability and the potential for functional recovery is dependent on the CST integrity after ischemic stroke. 19 Because the CST is the primary transmission tract from the sensorimotor cortex controlling voluntary movements of the peripheral muscles, the CST plays an important role during tasks requiring skilled sensorimotor integration such as skilled forepaw use. 20 Although a previous study showed no detectable impairment of forepaw use resulting from loss of the uncrossed portion of the CST on 1 side or compensation provided by the uncrossed CST on the other side, 21 we found that the increase of CST innervation originating from the opposite hemisphere (recrossed) is associated with enhanced skilled forepaw performance after ischemic stroke in mice with loss of the crossed CST. Nevertheless, a previous study indicates that the reach-to-grasp function did not show recovery over a 8-week period after cervical dorsolateral funiculotomy to transect the rubrospinal axons. 22 Because the rubrospinal axons possess similar branching patterns in the spinal cord with the CST, 23 and the red nucleus is active during the reaching movement, 24 the finding that animals retained some residual forepaw use after PT and that there was further impairment in the Foot-Fault test after a secondary MCAO suggests that the skilled forepaw movement is partially under rubrospinal control. However, the more severe deficit and incomplete recovery in the pellet-reaching task compared with the Foot-Fault test suggests that the digit control may be more dependent on the CST. Further studies on the corticoruburospinal system are warranted.
Conclusions
Taken together, the present findings demonstrate that corticospinal innervation originating from the contralesional motor cortex stimulated by ischemic stroke is amplified by BMSC treatment and is highly correlated with skilled forepaw performance, suggesting that such neuronal remodeling contributes to functional recovery after stroke. 
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